Introduction
============

*Pneumocystis* (*P*.) *carinii* is an opportunistic fungal pathogen of many animals as well as humans, and can cause fatal pneumonia in immune-compromised patients \[[@B13],[@B20]\]. Pulmonary pneumocystosis has been reported in a wide variety of animals including rabbits, dogs, cats, horses, goats, pigs, chimpanzees, owl monkeys, and laboratory animals such as rabbits, mice, and rats \[[@B22]\]. In addition to the proper classification of *Pneumocystis* at the kingdom level, the additional DNA-sequence polymorphism of ribosomal RNA has shown that *Pneumocystis* organisms are quite diverse among different mammals \[[@B20]\]. The organism that causes human *Pneumocystis* pneumonia (PcP) is now named *P. jiroveci*.

Recently, chronic wasting diseases associated with porcine reproductive and respiratory syndrome virus (PRRSV) and postweaning multisystemic wasting syndrome (PMWS) have caused serious economic problems for domestic pig herds in many countries. Porcine circovirus type 2 (PCV-2) is nowadays considered the causal agent of PMWS \[[@B17]\]. Although PCV-2 might act as a primary pathogen in pigs, co-infection with other agents such as PRRSV, porcine parvovirus, pneumocystis, and *Chlamydia* spp. have been reported \[[@B2],[@B5],[@B17]\].

In Korea, *P. carinii* infections have been reported in humans with acquired immune deficiency syndrome (AIDS) or immunocompromised patients \[[@B16]\]. Recently *P. carinii* infection in two grower pigs reared in Jeju Island was reported \[[@B7]\]. Although this was regarded as an opportunistic pathogen, the epidemiologic status and the role of other respiratory agents should be clarified in Jeju Island, the warmest southern part of Korea.

This study reports on the results of a 2-year survey of swine *P. carinii* infection and concurrent respiratory diseases in Jeju Island, Korea, which found a 22.7% incidence of *P. carinii* infection.

Materials and Methods
=====================

Study subjects
--------------

A total of 172 pigs ranging from 4- to 15-weeks old, submitted to the Department of Veterinary Pathology, College of Veterinary Medicine, Jeju National University for diagnosis from 2006 to 2007, were included in this study. The pigs were from 54 private farms throughout Jeju Island, Korea.

Histopathology, immunohistochemistry (IHC) and special stain
------------------------------------------------------------

After necropsy, all major parenchymal organs were fixed in 10% phosphate-buffered formalin, routinely processed, embedded in paraffin, and stained with hematoxlyin and eosin for light microscopy examination. During necropsy, portions of the lungs and tracheal or thoracic swabs were also collected aseptically for microbiological analysis. Replicate sections of the lungs with pneumonia were used for immunohistochemical identification of *P. carinii* with a commercially available mouse monoclonal antibody at a 1 : 50 dilution (Biodesign, USA) after 0.05% protease digestion. The standard streptavidin-biotin-peroxidase method with 3, 3-diaminobenzidine as the chromogen was used to identify the antigen according to the manufacturer\'s protocol (LSAB2 kit; Dako, USA). The lung sections were also stained using the periodic acid-Schiff (PAS) method to detect fungal elements.

Polymerase chain reaction (PCR) and reverse transcriptase (RT)-PCR analyses
---------------------------------------------------------------------------

Frozen lung tissues were analyzed by RT-PCR for the presence of PRRSV and by PCR for the presence of PCV-2. The tissues were homogenized with DNase- and RNase-free distilled water (Invitrogen, USA), and supernatants were stored at -70℃ until use. RNA and DNA were extracted from 200 µL of supernatants using an RNeasy Protect mini-kit (Qiagen, Germany) and a G-spin DNA extraction kit (iNtRON Biotechnology, Korea), respectively. All analyses were carried out using a Dice TP600 PCR thermal cycler (TaKaRa, Japan). For the RT-PCR, 2 µL of the RNA samples were added to 18 µL of a one-step RT-PCR mixture (Maxime RT-PCR premix; iNtRON Biotechnology, Korea). RT-PCR was carried out as previously described by Christopher-Hennings et al. \[[@B3]\] with minor modifications. After the one-step RT-PCR, nested PCR was performed. For the nested PCR, 2 µL of the DNA samples were added to 18 µL of PCR reaction mixture (Maxime PCR premix; iNtRON Biotechnology, Korea). PCR for PCV-2 was carried out as described by Larochelle et al. \[[@B12]\]. The amplified products were visualized by electrophoresis on a 1.2% agarose gel containing ethidium bromide.

Bacteriology
------------

If necessary, both aerobic and anaerobic culturing were performed using lung and aseptically collected thoracic or tracheal swabs. Isolated bacteria were identified using a Vitek system automatic identification apparatus (bioMerieux Vitek, USA).

Results
=======

Gross pathology
---------------

Based on the animals\' history, 140 pigs showed clinical signs of respiratory infection such as sneezing, cough, and dyspnea. At necropsy, 100 pigs had been runted and had rough coats along with moderate to severe lymphadenopathy, including mesenteric, inguinal, and submandibular lymph nodes. The lungs of 130 pigs failed to collapse and were rubbery in consistency, indicating interstitial pneumonia. Among these cases, other complicated lesions such as cranio-ventral consolidation (50 cases), fibrinous lobar pneumonia (three cases), and fibrino-purulent pleuritis (31 cases) were also observed. Bronchopneumonia (in four cases) and lobar pneumonia (in one case) were observed in pigs without viral lesions.

Other 37 pigs did not show any evidence of pneumonia. However, these pigs had several other types of lesions including enteritis (nine cases), edema disease (two cases), rectal stricture (two cases), dermatitis (one case), hernia (one case), and other minor lesions.

Histopathology, IHC, and special staining
-----------------------------------------

Among the 172 pigs examined histologically, 39 (22.7%) showed pulmonary lesions compatible with *P. carinii* infection. There was moderate to severe thickening of the alveolar septa due to infiltration of alveolar macrophages and lymphocytes ([Fig. 1A](#F1){ref-type="fig"}). Alveoli were often filled with macrophages, lymphocytes, fibrin, and various numbers of round to ovoid yeast-like structures ([Fig. 1B](#F1){ref-type="fig"}). The yeast-form structures were positive for PAS staining ([Fig. 1C](#F1){ref-type="fig"}). The organisms were 3 to 5 µm in diameter, and were found freely in the alveolar lumen, cytoplasm of alveolar macrophages, and alveolar septa. Immunohistochemically, the organisms were strongly positive for *P. carinii* ([Fig. 1D](#F1){ref-type="fig"}).

Based on the histopathologic classification of pneumonia, mild to severe lympho-histiocytic bronchointerstitial pneumonia with occasional secondary suppurative (bacterial) pneumonia characterized by alveolar thickening and peribronchiolar fibroplasia was noted in 139 pigs. Among these animals, IHC showed that 32 pigs were positive for *P. carinii*. Other pneumonia such as acute suppurative bronchopneumonia and fibrinous hemorrhagic lobar pneumonia were noted in 4 pigs and one pig, respectively. Among these five pigs, three cases were positive for *P. carinii*. Other 28 animals showed digestive system lesions such as colibacillosis, ulcerative colitis, edema disease, and intestinal spirocheatosis without any or with only subtle respiratory problems. Among these 28 pigs, four cases were positive for the antigens of *P. carinii*.

Virology and bacteriology
-------------------------

RT-PCR analyses yielded 236-bp products for PRRSV, and PCR analysis yielded 263-bp products for PCV-2. Among the 172 pigs, the overall positive rates of PRRSV, PCV-2, and both PRRSV and PCV-2 were 19.8% (34 cases), 15.1% (26 cases), and 45.9% (79 cases), respectively. Among these 139 virally-infected pigs, one or more bacterial pathogens were detected from 110 pigs (79.1%). The most commonly isolated bacteria were *Streptococcus suis* (25.2%) followed by *Mycoplasma hyopneumoniae* (20.1%), *Pasteurella multocida* (12.9%), *Actinobacillus pleuropneumoniae* (5.0%), and minor pathogens such as *Salmonella* spp. and *Bordetella bronchiseptica*. In addition, *Pasteurella multocida* (two cases), *Streptococcus suis* (two cases), and *Actinobacillus pleuropneumoniae* (one case) were isolated in five pigs (2.9%) in the absence of viral infection. The other 28 virally-infected pigs (16.3%) were not further infected with any respiratory pathogens. However, these 28 pigs suffered from digestive disorders or dermatologic problems.

Prevalence of pneumocystosis and concurrent infection
-----------------------------------------------------

Immunohistochemistry detected *P. carinii* in 22.7% (39/172) of the total lung samples analyzed ([Table 1](#T1){ref-type="table"}). Among 39 pigs with *P. carinii* infection, five pigs (12.8%), eight pigs (20.5%) and 19 pigs (48.7%) were positive for PRRSV, PCV-2, and dually positive for PRRSV and PCV-2, respectively. Three *P. carinii*-positive pigs (7.7%) also had bacterial infection. The remaining four *P. carinii*-positive pigs were free of respiratory pathogens. In summary, *P. carinii* infection was detected in 23.0% (32/139) of the virus-infected pigs and in 14.3% (4/28) of the pigs with no viral pathogens detected. Among the 39 pigs infected with *P. carinii*, 32 pigs (82.0%) were co-infected with virus, three pigs (7.7%) were co-infected with bacteria, and four pigs (10.3%) were not co-infected with any respiratory pathogens.

According to geographic distribution, 20 *P. carinii*-positive pigs were from Jeju City in the northern part of Jeju Island, and 19 pigs were from Seogwipo City in the southern part of the island. *P. carinii* were detected immunohistochemically in the pigs from 4 to 14 weeks of age. However, the majority of cases was observed among 7-week-old (12 cases) and 8-week-old (9 cases) animals ([Fig. 2](#F2){ref-type="fig"}). And this disease occurred throughout the year ([Fig. 3](#F3){ref-type="fig"}). However, the prevalence was higher in the cold season (December to March; 23 cases) than in the hot season (June to September; 10 cases).

Discussion
==========

Based on the immunohistochemistry and special staining and histopathology, 22.7% of the pigs on Jeju Island with pneumonia were also infected with *P. carinii*. About half of the infected pigs (53.8%) were from 7 to 8 weeks of age. The highest number of cases occurred in the winter cold season. In addition, PRRSV and PCV-2 were the primary co-infecting pathogens in most of positive cases.

PcP was first described in young piglets with exudative pneumonia in 1958 \[[@B1]\]. Since then, spontaneous porcine PcP has been reported only rarely in some countries \[[@B6],[@B7],[@B11],[@B18]\]. Kucera et al. \[[@B11]\] demonstrated *P. carinii* pneumopathy in three experimental pigs suffering from hypervitaminosis-D. A previous study described an outbreak of epidemic porcine pneumonia on a \"farrow-to-finish\" pig farm in Japan due to *P. carinii* that resembled the infantile epidemic form of PcP in humans \[[@B10]\].

The predisposing factors responsible for the outbreak of porcine PcP are not clear. Settnes and Henriksen \[[@B18]\] thought that the stress of weaning might predispose pigs to PcP. One survey indicated that the pneumonia associated with *P. carinii* occurs in conjunction with the piglets\' exposure to stress factors such as early weaning, new environments, new pen mates, overcrowding, and a change of diet as well as exposure to other diseases \[[@B1]\]. Although no obvious gross lesions were noticed in lung samples, *P. carinii* was found to be more prevalent in growth-retarded pigs than in healthy pigs \[[@B6]\]. This suggests that unexplained defective immune functions in the growth-retarded pigs might be associated with porcine PcP. Kondo et al. \[[@B10]\] examined epidemic porcine PcP in a pig farm. The clinical disease was observed in weanling piglets, and *P. carinii* organism and pneumonia were found in 18 (78.3%) of the 23 pigs examined. Most lesions associated with *P. carinii* were detected in the pigs at 5\~10 weeks of age, the stage of physiological hypogammaglobulinaemia.

In the present survey, *P. carinii* antigens were detected immunohistochemically in the pigs at 4\~14 weeks of age. Similar to that study, most antigen-positive pigs were concentrated among 7- to 8-week-olds. Nielsen et al. \[[@B15]\] demonstrated that the prolonged treatment with a high dose of methylprednisolone acetate causes involution of the thymus and lymphopenia concurrently with the reactivation of latent *P. carinii* in seropositive piglets. This group suggested that immunodeficiency was closely related to the development of PcP in pigs.

Both the cellular and humoral immune systems are important defenses against *Pneumocystis* infection. CD4+ T lymphocytes are critical as most human patients with PcP have a very low CD4+ T-cell count \[[@B13]\]. Pneumonia due to *P. carinii* is the most common AIDS-defining disease in which a decrease in the number of circulating CD4+ T cells leads to the development of pneumonia. A decrease in the number of CD4+ T cells has also been described in the early stage of PRRSV infection \[[@B19]\]. Lymphocyte depletion of follicular and interfollicular areas, together with macrophage infiltration of lymphoid tissues, contributes to the development of the unique lesion that is the basic feature of PMWS-affected pigs. These findings are highly correlated with the decrease of circulating B- and T-cells in PCV-2-infected pigs \[[@B17]\]. Therefore, PRRSV and PCV-2 are capable of suppressing immune functions to a degree sufficient for making the pigs more susceptible to secondary infections \[[@B17]\]. It is thought that a PRRSV infection might exacerbate *P. carinii* infection resulting in the pneumonia observed in the pigs from a herd with epidemic pneumonia \[[@B9]\]. This study demonstrated that the incidence of *P. carinii* in virally-infected pigs (23.0%) was higher than in the pigs (14.3%) without additional viral or bacterial infection. Therefore, it is reasonable to speculate that PRRSV- and/or PCV-2-induced immunosuppression enhances susceptibility to PcP in pigs.

According to a previous study, there are no regional or seasonal variations in the level of *P. carinii* infection in pigs \[[@B8]\]. However, it is well-known that the incidence of many viral and bacterial respiratory tract infections is subject to seasonal fluctuations. Some studies in European countries showed the PcP incidence in people with or without HIV infection to be maximal in the winter months, especially from January to March, similar to other infectious diseases \[[@B14],[@B21]\]. In this study, 59% of *P. carinii* infections in pigs occurred from December to March. This result suggests that airborne transmission of *P. carinii* is more prevalent in the closed living condition during winter than in the open living condition during warmer seasons.

The detection rate of *P. carinii* in pigs that were also infected with PCV-2 ranged from 2% to 5% in Canada \[[@B4],[@B5]\] to 28% among slaughtered pigs in Brazil \[[@B2]\]. In the present study, we detected a 25.7% (27/105) prevalence rate for *P. carinii* in pigs that were co-infected with PCV-2. This was significantly higher than the 2% or 5% prevalence for this fungus in PCV-2 infected cases previously reported in Canada.

The results of this study showed that PcP is prevalent in diseased pigs on Jeju Island, especially in virally-infected cases. The highest number of *P. carinii* cases occurred in the winter. To control the dissemination of this disease and minimize the economic loss to the pig industry, effective preventive and therapeutic measures are warranted.
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